Aplysia neurons
Bl and 82 contain large amounts of the neuropeptides SCP, and SCP,. When grown in culture, individual Bl and 82 cells incorporate 35S-methionine into the SCPs, which can be released in a stimulusand calciumdependent fashion (Lloyd et al., 1988) . We now show that single cells can be stimulated in a manner to evoke release of the SCPs that declines only,slightly with repeated stimulation. This has allowed us to examine the ability of several physiologically relevant agonists to modulate the stimulusevoked release of the SCPs. Bath application of either FMRFamide or 5-HT resulted in a significant decrease in the amount of SCPs released by intracellular stimulation of Bl or 82. The action of 5-HT was dose dependent with an inhibition of release of -70% at a concentration of 100 PM. SCP, did not significantly affect release. The bath application of several compounds that are expected to elevate intracellular levels of CAMP were also found to depress release. To investigate the possibility that the agonists inhibited the release of the SCPs via a hyperpolarization of membrane potential (and perhaps a loss of spikes in the neurites), we examined the actions of 5-HT, FMRFamide, and SCP, on several electrophysiological parameters intended to monitor the level of cell excitability. Surprisingly, even though 5-HT depressed the release of the SCPs from both cells, it depolarized and increased the excitability of Bl, and hyperpolarized and decreased the excitability of 82. Furthermore, in contrast to the effects seen in culture, 5-HT depolarized both Bl and B2 in situ. Thus, an agonist can depolarize and increase the excitability of a neuron while simultaneously inhibiting transmitter release from that neuron.
An understanding of the regulation of neurotransmitter release is one of the central questions in cellular neurobiology. One of the most studied preparations in this field has been the vertebrate neuromuscularjunction where the release ofACh via stimulation of the presynaptic nerve produces discrete postsynaptic electrical events that can be recorded intracellularly in the muscle fibers. By recording these electrical events, many of the factors that regulate ACh release have been elucidated (e.g., see Rahamimoff and Katz, 1986) . Over the last few years, it has become clear that many nerve cells contain multiple transmitters, commonly peptide cotransmitters in addition to a conventional transmitter. Although it has sometimes proven possible to measure the release of a peptide via its postsynaptic actions (Jan and Jan, 1983; Willard, 1990; Peng and Horn, 1991) it is often the case that neuropeptides do not directly gate ion channels, and consequently many studies have quantified peptide release by direct measurement of the released material (Holz et al., 1988; Walker et al., 1988) . Such studies have led to a general picture of peptide release that differs significantly from the release of classical transmitters. Most strikingly, peptide release often requires bursts of high-frequency stimulation (Dutton and Dyball, 1979; Cazalis et al., 1985; Lloyd, 1989, 1990; Cropper et al., 1990; Willard, 1990) , and in some cases it is likely that it is the frequency rather than the bursting pattern that regulates peptide release (Peng and Horn, 1991) . Nevertheless, exceptions do occur and it should be noted that lowfrequency stimulation has been shown to evoke peptide release from cultured Aplysia neurons (Lloyd et al., 1986) indicating that the mechanisms regulating release may differ among cells. The small cardioactive peptides (SCPs) are two peptides found in Aplysia that have been demonstrated to be modulatory neurotransmitters. They are synthesized by individual neurons, and are localized to dense-core vesicles in central neurons and varicosities in the CNS, muscle, and gut Mahon et al., 1985; Cropper et al., 1987) . They have been shown to be released from the terminals of B15, a cholinergic motor neuron, and to modulate muscle contractions heterosynaptically primarily via a postsynaptic locus Lloyd, 1989, 1990; Cropper et al., 1990) . Identified buccal neurons Bl and B2 when grown individually in culture incorporate 35S-methionine into the SCPs. Using intracellular stimulation and a combination of HPLC and liquid scintillation counting, it has been demonstrated that the newly synthesized SCPs are released in a stimulus-and Ca*+-dependent manner (Lloyd et al., 1986) . In the present report, we make use of this approach to study further the release of the SCPs from neurons Bl and B2. As a technique for monitoring peptide release, this procedure offers several distinct advantages. First, the neurons are grown in isolation, thereby removing extrinsic sources of modulation. Second, it allows the application of putative modulators directly to the neuron of interest, thus avoiding the possibility of agonists acting secondarily via release of compounds from other cells. Third, the lack of other neurons and virtual absence of non-neuronal cells are likely to reduce proteolysis of released peptides.
We were primarily interested in the possibility that physio- Release Periods Figure I Reproducible release of labeled SCPs from cultured B 1 and B2 cells. A, Results from an experiment in which a radiolabeled Bl cell was stimulated to fire three spikes in 0.5 set every other 0.5 set for 2 min followed by a 13 min period of silence (collection periods 2, 5, and 8). In the interstimulus collection periods, the cell was held hyperpolarized (see Materials and Methods). The released SCPs were determined using HPLC and liquid scintillation counting. B, Pooled data from four experiments as in A. The stimulation-dependent release of peptide was determined as the amount of radioactivity in the SCP fractions in the release period minus the mean of the corresponding fractions in the preand poststimulation wash periods. Release was then normalized to the first stimulation period. Background release was 11 ? 5% (mean + SD) of the initial stimulus-evoked release. Note that release periods 1, 2, and 3 correspond to experimental collection periods 2, 5, and 8, respectively (see Materials and Methods). Values are mean f SEM (n = 4). logically relevant agonists might modulate SCP release. We concentrated on three compounds (SCP,, FMRFamide, and 5-HT). Because these agonists were found to affect release differentially (see below), we also examined their actions on several electrophysiological parameters that would be expected to reflect the overall level of cell excitability. The agonists were chosen for several reasons. SCP, (which is equipotent with SCP, in all preparations examined; Lloyd et al., 1985) was used to determine if release was modulated by autoreceptors. 5-HT was examined because both Bl and B2 are known to receive innervation from a serotonergic neuron, the metacerebral cell (Weinreich et al., 1973; Gerschenfeld and Paupardin-Tritsch, 1974) , stimulation of which has been shown to evoke postsynaptic potentials in both cells. S-HT is also known to modulate an inward rectifier in B 1 and B2 in culture (Lotshaw and Levitan, 1987) . Finally, FMRFamide was tested since it is an agonist that frequently has opposing actions to 5-HT and the SCPs (Klein and Kandel, 1980; Abrams et al., 1984; Belardetti et al., 1987; Brezina et al., 1987) and because Bl and B2 appear to be postsynaptic to FMRFamide-immunoreactive varicosities . We show that repeated stimulation of Bl or B2 results in a reproducible release of the SCPs into the superfusate. Applications of the modulators FMRFamide and 5-HT both result in a reversible decrease in peptide release, while SCP, is without significant effect. A variety ofcompounds, all of which are expected to raise intracellular CAMP levels, also depress release, thus suggesting that the actions of 5-HT, which have been shown to involve perturbations in the levels ofcAMP in other systems in Apfysia, might be mediated via this second messenger system. Finally, although 5-HT depolarized B 1 and B2 in situ, it had different effects on the two cells in vitro. That is, even though 5-HT was found to inhibit SCP release from both cells, it depolarized Bl and hyperpolarized B2 in culture, thus demonstrating that changes in transmitter release are not necessarily correlated with changes in a neuron's activity state.
Materials and Methods
Cell culture. Buccal ganglion cells B 1 and B2 were isolated and cultured using techniaues oreviouslv described (Schacher and Proshanskv, 1983) with-some m&or-changes (Hall and Lldyd, 199 1) . Briefly, buccai ganglia from Aplysiu culifornicu (30-80 gm) were desheathed and incubated in a 1% protease solution (Sigma type IX) in sterile normal artificial seawater (snASW) at 34°C. Following the incubation, ganglia were washed with snASW. Neurons Bl and B2 were removed and plated individually in 1.5 ml wells (Nunc multidishes) in 500 ~1 of culture medium [50% snASW: 50% Aplysia hemolymph, containing penicillin/streptomycin/ fungizone (GIBCO) to a final concentration of I%]. Following 36 hr in culture, newly synthesized peptides were labeled by the addition of J5S-methionine (specific activity, 0.25 mCi/ml) for 24 hr, and then washed with a high-Mg*+ (110 mM), low-Ca*+ (2 mM) ASW for 6-12 hr.
Release of rudiolubeled SCPs. Cells were impaled with two low-resistance microelectrodes: one to inject current, the other to monitor membrane potential. Both electrodes were of low resistance (24 MR) since higher-resistance electrodes tended to drift over the long time course of the experiments. Controls indicated that these electrodes did not damage the cells (as monitored by the change in R,,,,, after impalement with the second electrode). The culture well was superfused with nASW at a rate of 0.5 ml minml (about 1 bath vol/min). Typically, cells were spontaneously active (l-3 Hz) and were hyperpolarized to just below threshold. During the remainder ofthe experiment the membrane potential was monitored and held constant at this initial value.
The superfusate contained 1 mM mercaptoethanol (to reduce oxidation of SCP.) and 1 PM [Tyrs]-substance P, an effective carrier peptide for the SCPs (Whim and Lloyd, 1989) . Control experiments indicated that 1 mM mercaptoethanol did not significantly affect membrane potential, agonist actions, or the input resistance ofthe cultured cells (in agreement with a report that mercaptoethanol concentrations as high as 3 mM do not affect neuromuscular transmission in Aplysia; Lloyd et al., 1986) .
Experiments consisted of nine sequential periods (six washes and three stimulations) each lasting 15 min. Collection periods 1, 3, 4, 6, 7, and 9 were washes. In periods 2, 5, and 8, the cell was stimulated to fire three spikes in 0.5 set every other 0.5 set for 2 min (a total of 360 spikes) followed by a 13 min period of silence. Individual spikes were driven with 40 msec depolarizing pulses. Superfusate from each collection period was maintained on ice, acidified with trifluoroacetic acid (TFA; final concentration, 10 mM) spiked with 2 nmol each of unlabeled SCP, and SCP,, and then immediately passed through a C,, Sep-pak (Waters). Retained material was eluted with 2 ml of 90% CH,CN containing 10 mM TFA, lyophilized, and run on HPLC using a CH,CN gradient with TFA as a counterion (Hall and Lloyd, 1991) . Fractions coeluting with unlabeled synthetic SCPs were collected and counted using a liquid scintillation counter. Experiments were only accepted if the cells remained healthy throughout the experiment (as judged by spike amplitude and shape).
For each experiment, the stimulation-dependent release of peptide was measured as the counts coeluting with unlabeled synthetic SCPs in the stimulation period, minus the mean of the equivalent fractions in the wash periods before and after that stimulation period. Background release was 14.6 & 8.3% (mean & SD; n = 39) of the release observed in the first stimulation period. For the purposes of statistical analysis, the effect of a compound on SCP release was then compared to the release observed in the corresponding period of the control experiments (see Fig. 1 ) using a one-tailed t test with a minimal level of significance of P = 0.05. This procedure compensates for the slight decline in release that was observed with repeated periods of stimulation.
Because the carrier peptide was present throughout the experiments, we investigated whether it had any effect on SCP release. In four experiments, we introduced a 10 min pulse of 1 PM [Tyr*]-substance P into the superfusate just prior to the second stimulation period. Released SCPs were protected in these experiments by the presence of bovine serum albumin (14 &ml) in the superfusate. No effect of [TylJ]-substance P on release was found (t = 0.09, not significant; n = 4). Finally, since all the agonists we used similarly affected the release of the SCPs from B 1 and B2, the data were pooled for both neurons. However, since serotonin was found to depolarize Bl but to hyperpolarize B2, in the examination of cell excitability by serotonin we differentiate between the cells (see below).
Several compounds were maintained as stock solutions and diluted into ASW prior to each experiment: serotonin (in 10 mM acetic acid; final concentration of vehicle in the bath was 10m5 M), forskolin (FSK) and 1,9-dideoxy-forskolin (Di FSK; in ethanol, final concentration, O.O4%l and a modified form of forskolin. 7-deacetvl-6-IN-acetvlelvcvllforskojjn (Mod FSK; in dimethyl sulfoxide; final coicen>ration: &iS@. In experiments using these compounds, the superfusates for all the collection periods contained the vehicle. All chemicals were obtained from Sigma, except for the peptides (American Peptide Co.) and the modified forskolin (Calbiochem).
Measurements of input resistance and cell excitability. Membrane potential was held constant at -40 mV throughout these experiments by manually adjusting the DC current. Input resistance was monitored using 0.5 nA hyperpolarizing pulses 0.5-2 set in duration. Cell excitability was measured as the response of the cell to 1.5 nA step depolarizations 2 set in duration. When the actions of various agonists on spike shape were investigated, individual spikes were evoked with 40 msec depolarizing pulses. In all experiments, the cells were superfused with a low-Ca 2+, high-Mg2' ASW in order to depress excitability without affecting membrane potential (similar responses to the agonists were observed in control experiments using nASW). Cells were the same age as those used for the release experiments.
Results
Repeated stimulation qf BI and B2 evokes reproducible release qf labeled SCPs Individual Bl and B2 cells, which had been previously labeled with jsS-methionine, were stimulated via intracellular electrodes to fire three spikes in 0.5 set every other 0.5 set for 2 min in three sequential stimulation periods. Each stimulation period was bracketed with control periods during which the neurons were hyperpolarized.
The collected superfusate from each period was run on HPLC, and the fractions corresponding to synthetic SCPs were counted. A typical experiment is illustrated in Figure  1A . The combined results from four such experiments indicated that the stimulation-dependent release of the SCPs exhibited only a small, steady decline over the three stimulation periods (Fig. IB) . These results suggested that the effects of putative modulators on the release of the SCPs could be examined by introducing the compound into the superfusate prior to the second stimulation period Modulation qf SCP release by FMRFamide, SCP/,, and 5-HT
We tested whether FMRFamide, SCP,, and 5-HT modulated release. A 1 PM concentration of FMRFamide ( Fig. 2A) substantially reduced the stimulation-dependent release ofthe SCPs (t = 9.0; P < 0.01; n = 3). This response was readily reversible. of the radiolabeled peptides by the exogenous SCPs rather than by a direct effect on release.
Finally, 5-HT was found to depress the release of the SCPs from B 1 and B2 (Fig. 3) . Examination of the effect over a range ofconcentrations (l-l 00 PM) indicated that the inhibitory action was dose dependent with an inhibition of -70% occurring at a concentration of 100 PM. Significant inhibition was observed at 10 PM (t = 2.37; P < 0.05; n = 3) and 100 FM 5-HT (t = 7.73; P < 0.01; n = 6). The serotonergic inhibition of release was the same for both Bl and B2 at all concentrations tested (e.g., 100
PM; t = 0.08, NS; n = 3), in contrast to the actions of 5-HT on cell excitability (see below). The inhibition was readily reversible.
Elevation of CAMP levels depresses the release qf the SCPs Since the actions of 5-HT in a variety of molluscan preparations are known to be associated with an increase in the intracellular levels of CAMP (Weiss et al., 1979; Shuster et al., 1985; Baxter and Byrne, 1989) , we determined how a range of compounds known to raise CAMP levels affected the release of the SCPs.
In a series of experiments, FSK (1 PM) was introduced into the superfusate for 30 min following the first stimulation period. This compound was found to produce a slow depression in the release of the SCPs (Fig. 4A ). Significant inhibition was found only in the third stimulation period (t = 2.27; P < 0.05; n = 3), consistent with the site of action being intracellular. However, FSK is known to have several actions on ion channels that are independent of adenylyl cyclase stimulation. Therefore, the effects oftwo chemically modified forms of FSK were also tested. Di FSK is an analog of FSK that does not activate adenylyl cyclase but reproduces many of the CAMP-independent effects of FSK (for review, see Laurenza et al., 1989) . As shown in Figure 4B , this compound was without significant effect on the release of the SCPs (t = 0.25, NS; n = 4; third stimulation period), suggesting that the inhibition of release produced by FSK was likely to be due to an elevation of CAMP levels. A secona modified form of FSK, Mod FSK, has been recently used to mimic the CAMP-dependent actions of 5-HT on a variety of membrane currents in pleural sensory cells in Aplysia (Baxter and Byrne, 1991) . Mod FSK can be used at higher concentrations than FSK while avoiding the CAMP-independent actions of FSK on membrane currents. Mod FSK (50 PM) also inhibited release of radiolabeled SCPs (Fig. 4C) . Furthermore, significant depression was found to occur in both the second and third stimulation periods (t = 2.11; P < 0.05; n = 3; third stimulation period). This depression was quantitatively similar to that found with 1 PM FSK and 10 I.LM 5-HT. Finally, we examined the effect of a 30 min application of an analog of CAMP, 8-(4-chlorophenylthio)cAMP (CPTcAMP; 1 mM), upon release. A depression of release was observed in the second and third stimulation periods (69 + 2% and 66 f lo%, respectively, average percentage decrease * SEM; n = 2).
Effect of FMRFamide, 5-HT, and SCP,, on input resistance, excitability, spike shape, and membrane potential One explanation for the ability of FMRFamide and 5-HT to depress the evoked release of the SCPs might be a hyperpolarization of membrane potential, which could lead to a reduction in spike duration and hence a reduction in transmitter release (although the membrane potential was held "constant" at the soma, fluctuations in the potential of the terminals might occur; see Discussion). We therefore examined the effect of the three agonists on several parameters that would be expected to reflect the overall level of cell excitability. Traditionally, Bl and B2 have been thought to be very similar neurons (but see Lloyd et al., 1985 Lloyd et al., , 1988 , and indeed both neurons had similar responses to FMRFamide and SCP,. However, 5-HT was found to affect the membrane potential of the two cells in culture differentially, and the actions of 5-HT on Bl and B2 were thus analyzed separately.
Input resistance. FMRFamide evoked a clear decrease in input resistance in both Bl and B2 (-20.6%; t = 3.05; P < 0.05; n = 4), while SCP, produced no change in this parameter in either cell (4.5%; t = 1.24, NS; n = 4). The effect of 5-HT on R ,npu, was complex (Fig. 5A) . 5-HT produced a dose-dependent increase in Bl cells that apparently saturated at 10 PM. In B2 cells, 1 FM reduced the input resistance, with higher concentrations having no effect. This difference between Bl and B2 was not due to a difference in quality of impalement or general cell health since the control R,,,,, for the two similar-sized neurons was not significantly different (I&,,, for Bl was 15.2 + 0.3, for B2 13.2 + 1.8 MR; t = 1.08, NS; n = 3). The effects of all three agonists rapidly reversed upon washing. It should be noted that although FMRFamide and 5-HT affected R,,,,,, the actions of these agonists may be complex. However, the elaborate neuritic fields that the cells generate in culture (Lloyd et al., 1986) preclude the generation of full Z-V curves.
Excitability. Cell excitability was monitored as the response of the cell+0 depolarizing current steps of 1.5 nA. The effects of FMRFamide and SCP, were straightforward. SCP, did not change the number of spikes evoked by depolarizing pulses on either Bl or B2 (-4.6%; t = 1.65, NS; n = 4), while FMRFamide produced a large decrease in excitability in both neurons (-36.9%; t = 3.32; P < 0.01; n = 4). Both of these changes reflected the actions of the agonists on input resistance. Unlike FMRFamide and SCP,, 5-HT had cell-specific effects on R,,,,, and spike number. On Bl cells, 5-HT increased R,,,,, and spike number (Fig. 5B) Figure 5 . Effect of 5-HT on electrophysiological parameters designed to reflect the level of cell excitability. A, Effect on input resistance. R,,,,, was measured as the response of the cell to 0.5 nA hyperpolarizing current pulses. Note that 1 PM S-HT increases the input resistance of Bl but decreases the input resistance of B2 (n = 3 or 4). B, Effect on number of spikes evoked by 1.5 nA depolarizing current pulses. Same cells as in A (n = 3 or 4). . Background release was 6 t 2% (mean + SD) of the initial stimulus-evoked release. B, Di FSK, an analog of FSK that does not elevate CAMP levels (see Discussion), has no effect on the release of the SCPs from Bl and B2. Di FSK (1 FM) was introduced into the superfusate for 30 min prior to the second stimulation period. Values are mean f SEM (n = 5). Background release was 11 + 6% (mean f SD) of the initial stimulus-evoked release. C, Mod FSK produces a longlasting inhibition of release of the SCPs from Bl and B2. Mod FSK (50 PM) was introduced into the superfusate for 30 min prior to the second stimulation period. Values are mean + SEM (n = 3). Background release was 28 -t 5% (mean ? SD) of the initial stimulus-evoked release.
not effect R,,,,, and reduced the number of spikes evoked in response to the current pulse, particularly at low concentrations
(1 /AM; t = 2.22; P < 0.05; n = 3; 10 j&M; t = 5.8; P < 0.01; n = 3).
Spike shape. Only FMRFamide affected the amplitude of the evoked spikes (-11.1%; t = 7.76; P < 0.01; n = 3). None of the compounds tested had a consistent effect on spike duration (measured at half-amplitude; data not shown).
Action of 5-HT on membrane potential in vitro and in situ. 5-HT had differential effects on the membrane potential of Bl and B2.5-HT depolarized B 1 cells (12 of 13) and hyperpolarized B2 cells (10 of 10). Typical examples of these responses are illustrated in Figure 6A . A 2 min application of 1 PM 5-HT depolarized Bl and hyperpolarized B2. These two cells were cultured from the same hemiganglion; thus, factors such as the length of time in culture could not explain the effects. We also examined the actions of 5-HT on Bl and B2 cells in the intact ganglion (Fig. 6B) . As for the recordings from the cultured cells, the preparation was superfused with a low-Ca*+, high-Mg2+ ASW (which suppressed spontaneous synaptic activity) and 5-HT was injected as a bolus from a pipette positioned close to the somata of Bl and B2. 5-HT was found to depolarize both Bl and B2. When delivered as a 2 min application, 5-HT also depolarized B 1 cells (six of six) and B2 cells (five of six; one cell did not respond). In contrast, all of the other compounds tested had similar actions on the two cells in vitro and in situ. 
Discussion
The present results show that repeated stimulation of B 1 or B2 cells in primary culture evokes a reproducible release of the SCPs into the bathing solution. Both neurons are known to contain large quantities of SCP, and SCP, (Lloyd et al., 1985) and this factor presumably contributed to our ability to evoke readily detectable release of these peptides using relatively brief stimulation paradigms. Since we do not know the size of the total pool of peptide in the cultured cells, it is possible that the labeled peptide that we recovered from the superfusate was drawn predominantly from the newly synthesized pool, as has been suggested to occur in the case of classical transmitters (Potter, 1970) . Although we can make no quantitative assessment of this possibility, we can calculate that the total amount of labeled peptide released during a single experiment is probably a few femtomoles, which is < 1% of the SCPs found in a cultured cell (Lloyd et al., 1986) .
Recordings in the freely behaving animal indicate that B 1 and B2 typically fire in association with swallowing movements for l-2 set at a frequency of up to 3 or 4 Hz (Lloyd et al., 1988) . The stimulation parameters that we used to evoke peptide release from the cultured cells are thus similar to those observed in vivo. Although none of the compounds we tested produced a significant facilitation of peptide release, it is unlikely that this is due to the release already being maximal, since increasing the frequency of spikes produced an increase in the amount of labeled SCPs recovered from the superfusate (M. D. Whim, unpublished observations) . Because the decline in peptide release over three stimulation periods was slight, we were able to examine the modulation of release by a variety of compounds. The results were somewhat unexpected since they did not always reflect the actions ofthe agonist on cell excitability. For example, 5-HT depolarized Bl but significantly inhibited the release of the SCPs. FMRFamide also inhibited release but hyperpolarized Bl and B2. There are several possible mechanisms that might explain the modulation of peptide release. For example, it is possible that the FMRFamide-evoked hyperpolarization of membrane potential (I',,,) lead to either spike failure or a decrease in spike duration. Both of these outcomes would produce a decrease in peptide release. However, several observations suggest that this is unlikely to explain our results. First, I',,, was held constant at the soma throughout the experiment. The length constant of the cultured cells is not known, and given the extensive fasiculation seen in similar preparations it would be difficult to estimate its value (see Schacher and Proshansky, 1983) . Nevertheless, in vivo it may be several millimeters (Coates and Bulloch, 1985) which is an order of magnitude greater than the distance from the farthest varicosity to the cell body in these cultured cells. It is thus possible that we had reasonable control of V,,, at the presumed release sites even though we were recording in the cell body, Second, it is possible that release of the SCPs is insensitive to moderate changes in V,, since 5-HT increased R,,,,, and depolarized Bl but inhibited peptide release. These changes in membrane properties are likely to increase the length constant and perhaps broaden the action potential and would thus be expected to increase rather than decrease release (Shapiro et al., 1980) .
A second possible mechanism that could explain the observed inhibition of peptide release involves an FMRFamideand 5-HT-evoked change in membrane currents, for example, a decrease in the calcium current in the terminals leading to a direct reduction of transmitter release (Brezina et al., 1987) , or conversely, an increase in potassium currents leading indirectly to a decrease in release via a narrowing of the action potential (Klein and Kandel, 1980) . More generally, changes in action potential shape have been suggested to underlie synaptic modulation in a wide variety of systems (Mudge et al., 1979; Klein and Kandel, 1980; Coates and Bulloch, 1985; McCobb and Beam, 1991) although it should be noted that alterations in action potential duration do not always lead to the expected change in transmitter release (Smith and Zucker, 1980; Hochner et al., 1986) .
A third interpretation of the data concerns a more recently studied phenomenon. Several reports have suggested that FMRFamide and 5-HT can have a direct action on vesicular release (Man-Son-Hing et al., 1989; Dale and Kandel, 1990; Delaney et al., 1991) . FMRFamide has been shown to inhibit spontaneous transmitter release at the synapses formed between cultured Aplysia neurons . This action was independent ofalterations in membrane currents and changes in the intracellular calcium concentration. Although the present report does not directly test this explanation, it is noteworthy that the effects of the agonists on cell excitability did not necessarily reflect their actions on neuropeptide release. Thus, 5-HT, which tended to increase the excitability of Bl and decrease the excitability of B2, inhibited the release of the SCPs from both cells to a similar degree. We therefore do not rule out the possibility that the actions of 5-HT or FMRFamide are mediated via a mechanism that is independent ofalterations in membrane conductance.
The role of CAMP in the modulation of peptide release is unclear. Both FSK and Mod FSK produced a marked depression of release. Di FSK, an analog of FSK that does not activate adenylyl cyclase, was without effect, suggesting that the actions of FSK involve a stimulation of adenylyl cyclase and subsequent elevation of CAMP levels. The ability of CPTcAMP to inhibit peptide release lends further support to the hypothesis that a rise in intracellular CAMP levels leads to a depression of peptide release. While the site of action of CAMP on B 1 and B2 has not been identified, it is known that several proteins implicated in the transmitter release process are subject to phosphorylation by a variety of protein kinases (see Burgoyne, 1990) . For example, synapsin I, a modulator of neurotransmitter release (Llinas et al., 1985; Lin et al., 1990 ) serves as a substrate for both CAMP-and calmodulin-dependent protein kinases (see De Camilli and Greengard, 1986) . However, direct evidence associating changes in the intracellular levels of CAMP with the actions of 5-HT or FMRFamide in the present system is difficult to obtain. Given the small volume of this region of the cell, it is not possible to measure changes in CAMP concentration in the terminals in response to agonist application. Furthermore, CAMP is unlikely to be the sole mediator involved in the inhibitory actions of the agonists on release, particularly in light of the mechanisms elucidated in other preparations. A notable example of the complex way in which 5-HT affects transmitter release is provided by the action of 5-HT in facilitating synaptic transmission at identified sensory-motor neuron synapses in Aplysia. The facilitation seen in nondepressed synapses appears to be due largely to a broadening of the presynaptic spike (Klein and Kandel, 1980; Klein et al., 1982) while in the depressed synapse, 5-HT facilitates transmission via a mechanism that is largely independent of spike broadening (Hochner et al., 1986) . A variety of second messenger systems are believed to be involved Siegelbaum et al., 1982; Braha et al., 1990) . Interestingly, 5-HT and CAMP thus appear to have the opposite action in the present system, where they were both found to depress transmitter release.
Finally, is it possible to draw any conclusions regarding the physiological roles played by 5-HT, SCP,, and FMRFamide on peptide release? In a recent study, intracellular stimulation of Bl or B2 was shown to induce contractile activity in several regions of the gut. Further, the excitatory actions of Bl were indistinguishable from those produced by the application of the SCPs. In contrast, 5-HT inhibited contractile activity in the same region of the gut (Lloyd et al., 1988) . We suggest that such data are consistent with the present results. Thus, in addition to inhibiting contractile activity directly, 5-HT will reduce the release of SCP, and SCP,, two peptides whose function appears to be to increase gut activity. In addition, the evidence for a serotonergic input to Bl and B2 is clear. Stimulation of the serotonergic metacerebral cell produces a marked depolarization of both Bl and B2 (Gerschenfeld and Paupardin-Tritsch, 1974 ) an effect that is not eliminated in a high-divalent saline (M. D. Whim, unpublished observation), suggesting that at least a component of this connection is monosynaptic. Similarly, Bl and B2 in the intact ganglion were found to depolarize in response to 5-HT. It thus appears that the serotonergic inhibition of SCP release could be of physiologic importance. There does, however, exist a discrepancy in the actions of 5-HT on the cultured cells where the agonist depolarized Bl but hyperpolarized B2. The reason for this in situ/in vitro difference is unknown, but could arise as a result of the cell culture procedure or from a segregation of 5-HT receptor subtypes, with a dendritic receptor only being significantly exposed to applied 5-HT in the culture dish.
The inhibitory actions of FMRFamide are also likely to be of physiological importance. Authentic FMRFamide is present in the buccal ganglia of Aplysia (Lehman et al., 1984; and Bl and B2 are surrounded by FMRFamideimmunoreactive varicosities . However, the neurons that give rise to these varicosities have not been identified. SCP, did not significantly affect the release of the SCPs even though its application consistently resulted in a membrane depolarization, indicating that these neurons do express functional SCP receptors. However, these receptors do not significantly affect peptide release. Further, it is unlikely that the lack of an effect is due to the relatively low concentration of SCP, used (1 PM), since in other systems this dose evokes reponses comparable in magnitude to 10 PM 5-HT (Abrams et al., 1984; Lloyd et al., 1984) .
In conclusion, we have used a preparation consisting of cultured Aplysia cells to investigate the modulation of transmitter release. Both 5-HT and FMRFamide significantly, but tran-siently, inhibited release. The serotonergic inhibition of peptide release from B 1 occurred even though this agonist increased cell excitability, indicating that this parameter does not provide an adequate predictor of transmitter release.
